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Abstract
We investigated the color and morphology of optically selected galaxies in the region of clusters at
z ∼ 1.2 near to the radio galaxy 3C 324 using archived data taken with the Hubble Space Telescope.
The faint galaxies selected at the HST F702W band that contribute to the surface-density excess of the
region have wide ranges of color, size, and morphology, which are not likely to be due to contamination by
foreground galaxies. Namely, the rest-frame ultraviolet emission properties of the galaxies in the clusters
are not very homogeneous; various amounts of star-formation activity may occur in a significant fraction
of them. Although our analysis is purely statistical, we find that typical star-forming galaxies with blue
colors have a relatively late-type morphology compared to the red quiescent population in the systems.
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1. Introduction
Recently, more than several clusters and candidates at
z >∼ 1 have been discovered (Dickinson 1995, 1997a,b,c;
Yamada et al. 1997; Stanford et al. 1997; Hall, Green
1998; Benıtez et al. 1999; Tanaka et al. 1999). While
most of these objects are selected by the surface-density
excess of the quiescent old galaxy population, whose
characteristic optical–NIR colors are relatively easy to be
traced, significant ‘active’ evolution of the galaxies is also
naturally expected to be observed in such high-redshift
clusters.
Especially, it is inferred from previous observations
that the star-formation activity in high-redshift clus-
ters is higher than that in the intermediate-redshift and
nearby clusters. At intermediate redshift, a fraction of
blue or emission-line galaxies is known to increase rapidly
with the redshift (Butcher, Oemler 1978, 1984; Dressler,
Gunn 1982, 1983, 1992; Rakos, Schombert 1995), which
may reflect the evolution of star-formation activity. A
simple extrapolation of this Butcher–Oemler effect gives
more than a 50% blue galaxy fraction at z ∼ 1. There
is also a significant fraction of galaxies with the post-
starburst signature in intermediate-redshift clusters (e.g.,
Dressler et al. 1999; Poggianti et al. 1999), which di-
rectly implies that some significant star formation must
have occurred and terminated at some epoch of higher
redshift. This evolution of star-formation activity is
probably related to a morphological transformation of
galaxies in clusters (Dressler et al. 1994, 1997, 1999).
It is interesting to study how these expected evolutional
features are really observed in clusters at z >∼ 1.
So far, however, the number of clusters at z >∼ 1 whose
photometric properties have been studied in details is still
very limited. Tanaka et al. (1999) recently investigated
the colors of the galaxies in the cluster 1335.8+2820 at
z ∼ 1.1. This cluster has a very wide distribution of
optical and near-infrared colors, which seems to be due
to the effect of various amounts of star-formation activ-
ities occurring in the cluster galaxies rather than to the
age and/or metallicity differences or the contamination
by the foreground objects. For galaxies with K < 19
mag, the fraction of galaxies which show UV-excess to
the quiescent-galaxy models is more than 75%, and most
massive galaxies thus no longer seem to evolve passively.
Then, it is a question whether the cluster 1335.8+2820 is
a peculiar example or it shares the general characteristics
of high-redshift clusters.
In this paper, we consider the color and morphology
of optically-selected galaxies in the region of clusters at
z ∼ 1.2 near the radio galaxy 3C 324 using the archived
data taken with the Hubble Space Telescope (HST). The
clusters are recognized by Kristian, Sandage, and Katem
(1974), by Spinrad and Djorgovski (1984), and firmly
identified by Dickinson (1995). They have been spec-
troscopically confirmed, and have been revealed to be a
superposition of the two systems at z = 1.15 and z = 1.21
(Dickinson 1997a,b). We describe the data and our pro-
cedures to obtain the colors and the morphological pa-
rameters of the galaxies in section 2 and show the char-
acteristic properties of the galaxies in the region of the
clusters in section 3. In the last section, we give the
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conclusions and discussions.
2. The Data and the Observed Quantities
A deep WFPC2 field surrounding the radio galaxy 3C
324 at z = 1.21 was imaged using the F702W and F450W
filters on 1994 May and June, and 1997 June, respec-
tively. We analyzed the calibrated data of the field down-
loaded from the archive of the Space Telescope and Sci-
ence Institute. The total exposure time is 64800 s (18.0
hr) with the F702W band and 15120 s (4.2 hr) with the
F450W band.
Initial source lists were constructed using the SExtrac-
tor software (Bertin, Arnouts 1996). We set the surface-
brightness threshold for a pixel as µF702W =26.7 mag
arcsec−2. If the counts of more than 12 continuos pixels
are above the threshold, they are recognized as sources.
For these sources, pseudo total magnitude values (MAG
BEST from SExtractor) are obtained for the F702W and
the F450W filters in STMAG system. STMAG is de-
fined as mST = −21.10− 2.5 logfλ where fλ is expressed
in erg cm−2 s−1 A˚−1 (HST Data Handbook Vol.1). The
detection limit is F702W ∼ 28 mag and F450W ∼ 28
mag, respectively, which corresponds to RAB ∼ 27.4 mag
and BAB ∼ 28.4 mag, respectively. The uncertainties
in magnitude are 0.1–0.3 mag at these detection limits.
We analyzed the color, half-light radius, mean surface
brightness, and other morphological parameters such as
asymmetry and concentration indices, of the galaxies se-
lected in the F702W-band image. We used the isophotal-
aparture colors at the pixels selected in the F702W-band
image with a threshold of 26.7 mag arcsec−2. This was
done to suppress any contamination by very faint back-
ground objects (especially blue ones) inside the aper-
tures. We also examined the circular-aperture colors us-
ing a fixed aperture with a 1.′′5 diameter, and obtained
statistical results which are consistent with those from
the isophotal-aparture colors.
The half-light radius (equivalent radius) in the F702W
band was measured by examining the photometric
growth curve using the ellipsoidal apertures defined for
each galaxy, the mean surface-brightness values quoted
below are those within the ellipse of the half light. In
order to quantify the morphology of the galaxies, we
introduced asymmetry and concentration indices which
were proposed in Abraham et al. (1994) and have been
used in the subsequent studies on the morphology of faint
galaxies (e.g., Abraham et al. 1996a,b). The asymme-
try index for a galaxy is defined as the flux ratio of the
residual counts in subtracting the 180◦-rotated image to
the total counts in the original image above the isophotal
threshold. The concentration index is the flux ratio be-
tween those within the inner and the outer ellipses. The
outer ellipse is defined so as to contain all pixels above
the surface-brightness threshold where the ellipticity and
position angle are determined by the intensity second mo-
ment, which is calculated after re-centering with Gaus-
sian smoothing. The inner ellipse has the same ellipticity
and position angle, but the one third of the axis length.
Note that the defined concentration index varies with the
redshift, even for galaxies with exactly the same light
distribution. Therefore, a direct comparison with the
nearby morphological classification is difficult. These pa-
rameters should be used only for a relative classification
among the detected objects.
3. Properties of Galaxies in the Region of the
Clusters
Figure 1 shows the differential number counts of galax-
ies detected on the F702W image. We tentatively refer
to the WFPC2 region within 40” radius from the ra-
dio galaxy 3C 324 (z = 1.21) as the ‘region of clusters’
and the remaining region as the ‘field’. The excess of
the galaxy surface density is clearly seen at F702W ∼
24–26 mag. For clusters at such a high redshift, it is
difficult to decide the membership of galaxies or to de-
lineate the true cluster boundary. We examined the sig-
nificance of the galaxy surface density by changing the
radius of the region centered on 3C 324 and adopted a
radius which maximizes the significance of the surface-
density excess. Dickinson (1997a,b) shows that there are
conspicuous peaks at z = 1.15 and z = 1.21 and no other
notable feature in the redshift distribution of the galax-
ies in the region within 30” from 3C 324 (see figure 5 in
Dickinson 1997b). There seems to be only a few cluster
galaxies with measured redshifts in the region outside the
30” radius. The area of our region of the clusters is 1.21
arcmin2.
In figure 2, we show the distribution of the colors of the
galaxies with F702W=24–26 mag. There is a strong ex-
cess of red galaxies with F450W −F702W > 1; there are
almost no galaxies with this color range in the adjacent
field. The conspicuous feature in this figure is, however,
that the galaxies which contribute to the surface-density
excess in F702W-band image indeed have a wide range
of the colors. Especially, there is an strong peak of the
overdensity at the blue side, F450W −F702W ∼ −1.0 –
−0.5. We plotted the expected F450W − F702W color
for galaxies with various star-formation histories and ages
observed at z = 1.2 in figure 3 using the evolutionary-
synthesis code GISSEL96 (Bruzual, Charlot 1993). Only
those galaxies with on-going star-formation can have such
blue colors at z = 1.2. Thus, if these blue galaxies are
really members of the clusters at z = 1.15 or z = 1.21,
a significant fraction of the galaxies in the cluster region
may have on-going star-formation activity, and their rest-
frame UV emission is dominated by the star-formation
component.
If the stellar population in a galaxy is dominated by old
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stars, only a small amount of on-going star-formation can
significantly affect its UV emission. Since the F450W −
F702W color only samples the rest-frame UV emission
for galaxies at z = 1.2, the blue F450W − F702W color
cannot tell the scale of the star-formation activity in a
galaxy. Near-infrared data are essential to evaluate such
a scale. It is, however, important to note that a fraction
of the galaxies do not evolve passively in the clusters at
z = 1.2, but show evidence of on-going star-formation
activity.
It is possible that the apparent excess of the blue ob-
jects is just contamination by a foreground cluster or a
group just superposed on the line of sight. However, the
blue F450W −F702W color is not compatible with those
of the passively-evolving early-type galaxies at interme-
diate redshifts, either. If we consider that most of the
clusters observed at low and intermediate redshifts are
dominated by old early-type galaxies, it is not likely that
the blue galaxy excess is due to contamination by a fore-
ground regular cluster.
We also checked whether the excess of the blue galaxies
is not just a result of a statistical fluctuation, although
the WFPC2 field may be too small to estimate the true
scatter of the field galaxy counts. We compared the
surface density of blue galaxies, with F450W − F702W
< −0.5, of the randomly selected regions with 40” radius
with that of the rest of the WFPC2 field, and found that
most of the regions with significant surface-density excess
are localized near 3C 324. Figure 4 shows the distribu-
tion of objects with different colors on the sky. The blue
galaxies with F450W − F702W < −0.5 tend to locate
near 3C 324, although the clustering is not as strong as
that of the red galaxies with F450W − F702W > 1.0.
Next, we consider the size distribution of the galaxies
in the region of the clusters. Figure 5 shows the distri-
bution of the apparent half-light radius in the region of
the clusters, which is very similar to that in the adjacent
field. It also shows that the galaxies which contribute to
the surface-density excess have various sizes. There is no
strong correlation between the galaxy size and the colors.
Figure 6 shows the correlation between Rhl in physical
scale and 〈µ〉, the mean surface brightness within Rhl for
the red and blue galaxies. We assumed that the galax-
ies are at z = 1.2. The sequence of red galaxies has a
slope which is consistent with the Kormendy relation of
the non-BCG elliptical galaxies studied by Hoessel et al.
(1987), while the blue galaxies deviate from the relation-
ship; these red galaxies must be early-type galaxies in the
clusters. From the figure, we found that these red galax-
ies may have ∼ 1 mag positive evolution of luminosity
at 3000 A˚ in the rest frame or a factor of four negative
evolution of their half-light radius if we assume q0 = 0.5.
Because the latter possibility seems to be unreasonable,
we prefer the former implication. The luminosity evolu-
tion as well as the observed color is consistent with those
expected for passively evolving old galaxies. Similar anal-
yses and results are presented in Dickinson (1997c).
The quantitative morphology of the galaxies was also
investigated. The distributions of the asymmetry indices,
log A, and the concentration indices, log C, of the galax-
ies in the region of the clusters and in the adjacent field
are shown in figure 7. The distribution of these param-
eters of galaxies in the cluster field is very wide, and
there is no conspicuous difference between those in the
region of the clusters and in the field. Figure 8 shows the
surface-density of galaxies as a function of the morpho-
logical parameter. We sorted the galaxies along an arbi-
trarily chosen line on the log C – log A diagram in order
to put them in a sequence from relatively asymmetrical
and diffuse objects to relatively symmetrical and con-
centrated objects. Again, an excess surface density can
be seen for galaxies with a wide range of morphology.
We then investigated the correlation between the mor-
phology and the color of the galaxies in the region of the
clusters. Figure 9 demonstrate that the red galaxies have
a relatively symmetric and large concentration. This is
consistent with the idea that these red galaxies are in-
deed early-type galaxies which are progenitors of those
in nearby rich clusters. On the other hand, blue galaxies
have a more asymmetric and diffuse morphology than the
red ones. The cluster members among these blue galax-
ies are thus likely to have a different morphological type
from the red quiescent (early-type) galaxies. Dickinson
(1997a) presented a montage of the galaxies at z = 1.15
and z = 1.21. Clearly, some of them have a diffuse or asy-
metric morphology. We identified these galaxies on the
F702W-band image by comparing Figure 3 in Dickinson
(1997a) with the data. They give F450W − F702W ∼
−0.6 – 0.
We also investigated the color distribution of the galax-
ies with different morphology. As in figure 6, we sorted
the galaxies along the one-dimensional morphological se-
quence, and chose the ‘diffuse, asymmetrical’ galaxies
(log A−3×log C > 0.5) and ‘concentrated, symmetrical’
galaxies(log A−3×log C < 0.25). We show the color dis-
tribution of galaxies in these two samples in figures 10a
and 10b. Clearly, some segregation in color distribution
between the two samples exists.
4. Conclusion and Discussion
We have shown that those galaxies which are respon-
sible for the surface-density excess on the F702W-band
image have a wide range of rest-UV color, size, and mor-
phology. This implies that the UV emission of galaxies
in the clusters at z ∼ 1.2 show different characteristics
from galaxy to galaxy. There is a notable surface-density
excess among the blue galaxies (F450W − F702W < 1),
which implies that there is a significant fraction of galax-
ies which do not evolve passively and have some star-
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formation activity at the observed epoch. These galax-
ies have a relatively diffuse or asymmetric morphology.
These features are not likely to be due to contamination
by foreground objects, although there is a possibility that
the wide color distribution of galaxies may be due to a
difference in the properties between the cluster at 1.15
and that at 1.21. At such a high redshift, the photo-
metric properties of galaxies in clusters is not expected
to be as homogeneous as those seen in the near-by uni-
verse. Thus, the galaxy properties discussed in this paper
should be considered as average ones of the two clusters
at z ∼ 1.2.
The sample selected in F702W-band is rather biased
to those with UV-luminous objects, and it is not ade-
quate to evaluate the blue galaxy fraction to compare
with those of clusters at an intermediate redshift. In or-
der to compare the integrated star-formation properties
of the clusters it is necessary to define a sample which
is less affected by star formation, thus, an NIR observa-
tion is essential. Instead, we here compare the properties
of high- and intermediate-redshift galaxies with evidence
of on-going star-formation. Dressler et al. (1999) re-
vealed the spectral properties of galaxies in intermediate-
redshift clusters. There are a class of “e” or “e(a), e(b),
and e(c)”, where the galaxies have an [O II] emission
line stronger than EW([O II]) > 5A˚. Galaxies with on-
going star formation must be classified to this category.
These galaxies haveMV ∼ −22 – −18.5 (H0 = 50 km s
−1
Mpc−1, q0 = 0.5) and morphological type Sb – Sd/Irr.
There are also galaxies with post-starburst components
classified as“k+a” or “a+k”. These galaxies also have
MV = −22 – −19, although their magnitude distribu-
tion seems to be peaked at somewhat a brighter level
than that of the ”e”-class galaxies. The morphological
type of the “k+a” or “a+k” galaxies is widely distributed
from E to Sc. Assuming a typical color of star-forming
galaxy, g − r ∼ 0.5, we evaluated that the absolute mag-
nitude at the rest-frame 3500 A˚ MAB(3500) of these ‘ac-
tive’ galaxies is −21 – −17.5. On the other hand, the
blue galaxies in the clusters in the 3C 324 region with
F450W − F702W < 1 must be galaxies with on-going
star formation or those seen at < 1 Gyr after star forma-
tion has stopped (figure 3). It is interesting that these
blue galaxies in 3C 324 clusters also have a relatively late
morphological type compared to the candidate of the pro-
genitors of early-type galaxies. Their absolute magnitude
are MAB(3500) ≈ −21 – −19 and in the range of active
galaxies at an intermediate redshift. A further system-
atic observation of galaxies in the clusters at high redshift
will be necessary to reveal the true relationship among
them.
This work is based on observations with the
NASA/ESA Hubble Space Telescope, obtained at the
Space Telescope Science Institute, operated by the As-
sociation of Universities for Research in Astronomy, Inc.,
from NASA contract NAS5-26555.
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Fig. 1. Magnitude distribution of the galaxies detected in the F702W-band image taken with the WFPC2. The solid line shows that of
the region within 40” radius from 3C 324 and the dotted line shows that of the outer region. The error-bar of the field count represents
the square root of the number of galaxies detected in the region.
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Fig. 2. Color distribution of the galaxies with 24 < RF702W < 26. The meaning of the lines is similar to those in figure 1. Note that the
detection limit of the F450W-band image is about 28 mag.
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Fig. 5. Distribution of the half-light radius of galaxies with 24 < RF702W < 26. The meaning of the lines is similar to those in figure 1.
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Fig. 8. Galaxy surface density plotted along an arbitrarily-defined galaxy morphology sequence from “asymmetric, diffuse” to “symmetric,
concentrate”. The galaxies with 24 < F702W < 26 are treated and the meaning of the lines is similar to those in figure 1.
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Fig. 10. (a) Color distribution of the relatively “asymmetric, diffuse” galaxies and (b) “symmetric, concentrate” galaxies. The meaning
of the lines is similar with those in figure 1.
